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Abstract 
Endothelial cells line the walls of all blood vessels, where they maintain homeostasis through 
control of vascular tone, permeability, inflammation, and growth and regression of blood 
vessels.   Endothelial cells are mechanosensitive to fluid shear stress, and hyperglycemia, a 
hallmark of diabetes, affects endothelial cell function.  Clinical evidence suggests interaction 
between mechanics and high glucose, since diabetic patients have accelerated atherosclerosis at 
locations of disturbed blood flow.  The central hypothesis of this thesis is that high glucose 
conditions alter endothelial cell adhesion strength and response to fluid shear stress. 
Two systems were developed to study endothelial cells under shear stress: microfluidic channels 
and parallel plate system.  These systems were successfully designed to apply constant laminar 
stress onto endothelial cells.   However due to inconsistencies and challenges with access to 
cells inside microchannels, the parallel plate system was used for experimentation.  
Endothelial cell adhesion strength was tested and cells cultured in high glucose were found to 
have a response dependent with attachment time.  The initial adhesion strength after 6 hours of 
attachment was higher than low glucose but after 48 hours high glucose adhesion strength was 
less than low glucose.  Separately it was found that substrate glycation had no effect on 
endothelial cell adhesion strength after 48 hours of attachment. 
Endothelial cell elongation and alignment was reduced in high glucose and prevented when the 
cells were grown on glycated collagen substrates.  The native collagen and low glucose condition 
showed the most actin fiber alignment. High glucose reduced alignment only slightly, whereas 
glycated collagen prevented alignment. 
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This research furthers our understanding of the combine effects of hyperglycemia and shear 
stress on endothelial cells.  Futures studies into the mechanisms of endothelial cell shape 
change will help elucidate the causes.  By understanding the affected pathways, atherosclerosis 
treatments for people with diabetes can be directly tailored, which would increase efficacy and 
reduce side effects.   
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1 Background 
1.1 Clinical Motivation – Diabetes Mellitus and Atherosclerosis 
Diabetes mellitus affects 23.6 million people in the United States and is on the rise, according to 
the American Diabetes Association.  There are two types of diabetes, Type 1 diabetes occurs 
when the body is unable to produce insulin and therefore requires insulin injections. Roughly 5-
10% of people with diabetes have this form of the disease.  Type 2 diabetes arises from a 
resistance to insulin, and the majority of Americans with diabetes have this form of the disease 
[1].  Both forms have increased glucose levels in the blood stream.  Diabetes is likely caused by a 
combination of genetic, environmental, and lifestyle factors [2].  Type I diabetes is generally 
begins in childhood, while Type II typical occurs in adults who are often overweight.  Currently 
diabetes does not have a cure. It is a chronic condition that requires control through diet and 
possibly insulin injections depending on the severity [2].  
Patients with diabetes are known to be at high risk for cardiovascular complications.  Chronic 
high blood glucose levels have been shown to damage the vascular system and endothelial cells 
lining the vessels.  People with diabetes experience microvascular problems that lead to 
decreased sensation in the extremities (diabetic neuropathy), problems with vision (diabetic 
retinopathy), and kidney damage (diabetic nephropathy), many of which are related to 
uncontrolled hyperglycemia [3, 4].   Diabetes also increases the risk of macrovascular conditions 
such as atherosclerosis, stroke, and heart attack.  Endothelial dysfunction in people with 
diabetes is often an early indicator for these later conditions.  Endothelial dysfunction is defined 
by several pathological conditions: altered anticoagulant and anti-inflammatory properties in 
the endothelial cells, impaired vascular growth and remodeling, and  impaired release nitric 
oxide [5].   
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Atherosclerosis, defined as a thickening of the arterial walls due to the build-up of fatty lesions, 
is a major problem in people with diabetes [6].  Atherosclerosis is begins with damage to the 
endothelium, which can be physical or biochemical. The damaged area accumulates lipids and 
monocytes and builds into a plaque in the arterial wall.  The plaque will continue to grow, both 
stiffening the artery and reducing the area through which blood flows [6].  Approximately two 
thirds of all of the deaths attributed to vascular disease occurs from rupture and then  
thrombosis in an atherosclerotic plaque in the coronary arteries [6].  
Atherosclerosis occurs at specific regions of disturbed blood flow.  These regions are typically 
found where arteries curve, branch, or bifurcate [7, 8].  These locations have altered shear 
stresses.  It is not yet known why people with diabetes have increased atherosclerotic disease, 
although evidence points to complications in the endothelium brought on by high blood glucose 
levels.  Patients with diabetes have this accelerated atherosclerosis at locations of disturbed 
blood flow, which suggests interaction between mechanics and high glucose.   
1.2 Endothelial cell function 
Endothelial cells line all of blood vessels in the cardiovascular system, where they perform a 
variety of important physiologic functions.  They maintain homeostasis of the cardiovascular 
system through control of permeability, vascular tone, injury repair, and the growth and 
regression of blood vessels [9].   Endothelial cell dysfunction has been found in many 
cardiovascular diseases, including hypercholesterolemia, atherosclerosis, hypertension, 
diabetes, and heart failure [5] all of which are rising in prevalence in the developed world. 
The endothelial cells provide a selectively permeable barrier between the blood and the 
surrounding tissues [10].  The endothelial cells form a monolayer inside the vessels in which cells 
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are linked to each other through cell to cell bonds, including tight junctions and adherens 
junctions.  These bonds control the amount of liquid and nutrients that passes through the 
blood vessels to the local tissue.  Endothelial cell permeability is adapted by redistributing cell to 
cell bonds, namely the adherens junctions, which are formed of cadherin molecules on the cell 
surface.  Several signaling proteins control this adaption. Histamine, atrial natriuretic factor, and 
thrombin produce short term and rapid changes in permeability while vascular endothelial 
growth factor (VEGF) and cytokines produce longer lasting responses [9]. 
Endothelial cell regulation of vascular tone maintains a proper distribution of blood flow, and 
therefore delivery of oxygen and nutrients, to appropriate parts of the body.  Vascular tone is 
modulated by the endothelial cell release of vasoconstrictors and vasodilators, primarily 
endothelins and endothelium-derived relaxing factor (nitric oxide), respectively [11-13].  In 
healthy conditions, these factors are maintained in a balance to sustain homeostasis.  However, 
in disease the balance can be tipped, which can be harmful to the human body.  One of these 
conditions is hypertension, or high blood pressure, and patients suffering from it are at risk for 
heart attacks, heart failure, arterial aneurysms and renal problems, and shortened life span[6, 
14].  Diabetes also reduces endothelial cell production of nitric oxide [4, 5, 15]. 
Endothelial cells are an integral part of injury repair in the cardiovascular system.   Vascular 
repair is controlled by endothelial cell signaling and the release of several key signaling 
molecules including thrombin, platelet derived growth factor (PDGF), fibroblast growth factor-
1,2(FGF-1,2) and transforming growth factor-  (TGF- ) [16-18].  These signals help throughout 
the different phases of wound healing, including clotting, platelet activation, vasoconstriction, 
fibroinolysis [17]. During the proliferative phase, the biochemical signals stimulate re-growth of 
vessels [18].   
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The formation of new blood vessels though angiogenesis is controlled by the endothelial cells 
[19].  All cells in the body maintain a close proximity to capillaries and an oxygen supply.   When 
tissues have a shortage of oxygen, a gene regulatory protein called hypoxia-inducible factor 1 
(HIF-1) is released. This stimulates the production of vascular endothelial growth factor VEGF, a 
key protein in angiogenesis, in the endothelial cells, and capillary sprouts will begin to form [20].  
The capillary sprout will begin as a pseudopodia extending from the edge of a preexisting 
capillary that will guide the sprout formation.  The sprout will hollow out and continue to 
elongate until it connects to another capillary so blood can circulate [20]. 
1.3 Endothelial cell response to shear stress  
Endothelial cell elongation and alignment with the direction of fluid flow was first reported in 
1972 by Flaherty et al [21] and in vitro in the 1980’s by Dewey et al [22].  The response was 
found to be related to shear stress changes, as the cells would accommodate the shear stress 
quickly and return to basal morphology in static conditions [23]. The effect of fluid flow was 
further shown to depend on shear stress intensity [24, 25]. These studies were all under laminar 
shear stress in an in vitro setting, but endothelial cell elongation and alignment has also been 
observed in vivo[10, 21].  The changes are also seen in the internal structures of the cells, 
namely the cytoskeleton and its actin filaments.  Early studies of the actin fibers showed that 
they also aligned in the direction of the fluid shear stress [26-29].   
While endothelial cell shape change and alignment have been well characterized, the 
mechanisms are not yet fully understood.  Several contributing factors have been examined to 
better understand how those changes occur.  Malek et al found that calcium and tyrosine kinase 
activity were important intracellular signaling molecules for the ATP-dependent and 
independent response to shear stress [30].  There has also been evidence that focal adhesions 
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and cadherins interactions play a signaling role in morphological changes associated with shear 
stress [27, 31-33].  Rho-GTPases may also contribute by controlling the shape change through 
alterations of actin [33-36]. 
 Tyrosine kinase activation through calcium was found to be directly related to shape change 
and actin fiber alignment [30].  Increased extracellular calcium levels raised the response to fluid 
shear stress while attempts to block calcium from reaching the cell were found to be toxic [30]. 
At the same time blocking of the activation of tyrosine kinase with herbimycin A prevented the 
morphological changes and alterations of the actin fibers [30].  However while this mechanism is 
essential for the shape change, tyrosine kinase and calcium are involved in multiple cell 
functions, including growth, differentiation, metabolism, adhesion and motility, and death[37]. 
Thus these mechanisms do not completely describe the shear stress response. 
Focal adhesions also play an important signaling role in shear stress-induced changes in 
endothelial cells. Endothelial cells produce, secrete, and attach to a basement membrane 
composed of collagen, fibronectin, and laminin [27, 38].  Focal adhesion molecules bind the cells 
to the basement membrane.  Focal adhesion kinase is a signaling molecule in the focal adhesion 
complex and focal adhesion structural proteins vinculin and paxillin are intracellular proteins 
often used as markers for tracking focal adhesions.  Integrins are membrane-associated 
glycoproteins with α and  subunits and bind the cell to the extracellular matrix (ECM), 
examples of those proteins are αvβ3 and αIIbβ3 [35].  Focal adhesion proteins, such as vinculin, 
and integrins, like αvβ3, respond to mechanical stresses and increase phosphorylation of focal 
adhesion kinase and tyrosine kinase [32, 35].  The focal adhesions are then altered in shape 
becoming elongated and translocated to the peripheral edges of the cells during shear stress 
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[27] suggesting that focal adhesion mechanical transduction plays an important role in signaling 
the shape changes. 
Rho-GTPases regulate actin dynamics and are found in all eukaryotic cells [34].  They are a likely 
pathway for endothelial cell shape change, as actin is a main structural protein in endothelial 
cells that responds to shear stress.  Blocking Rho and Rho-kinase can inhibit or alter endothelial 
cell shape change in cyclic stretching models [36].  Also an increase in Rho-activity was found 
during application of fluid shear stress to endothelial cells [35].  The Rho-GTPases react mainly 
on the cell membranes and control the cell cytoskeleton [34]. Once shear stress activates the 
integrin response, Rho is deactivated which disassembles the peripheral band of actin fibers.  
Concurrently downstream activation of Rac facilitates the alignment and reassembly of fibers 
with the direction of the flow and increases gene expression and production of microfilaments 
[39, 40]. 
Along with the mechanism of shape change in endothelial cells, there are also physiologic 
effects of endothelial cells exposure to shear stress.  One of the most important is the control of 
vascular tone.  The increase in shear stress has been shown to increase the phosphorylation of 
eNOS and nitric oxide production [13, 41-43].  Nitric oxide is a vasodilator and the primary 
component of endothelial derived relaxing factor, as proposed by Robert Furchgott [44, 45]. 
When this physiologic reaction to shear stress is impaired by disease conditions, such as 
hyperglycemia inhibition of nitric oxide synthase production [46], it can be harmful to the entire 
cardiovascular system.  Lack of vasodilation increases fluid flow velocity, shear stress and may 
further damage to the endothelium.    
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1.4 Effect of hyperglycemia on endothelial cells 
Hyperglycemia experienced by people with diabetes has many adverse effects on endothelial 
cells. High glucose levels increase production of sorbitol through the polyol pathway [47], 
activate protein kinase C (PKC), and increase formation of advanced glycation end-products 
(AGEs) [47].  Most of those changes have been proposed to be directly related to increased 
reactive oxygen species (ROS) production [48].   
The polyol pathway is affected by the increased glucose levels in the blood and could account 
for a number of the biochemical changes.  The increased flux in the polyol pathway increases 
sorbitol and could increase free radical generation, AGE accumulation, and PKC activation by 
altering the cytosolic redox state [49, 50].  The increased protein kinase C activation in 
hyperglycemic conditions has been found to increase production of extracellular matrix and 
cytokines, enhance contractility, permeability, and proliferation in endothelial cells [51].   
Another possible pathway that contributes to diabetic complications in endothelial cells is AGEs 
and the reactive carbonyl precursors to AGEs.  Both oxidative and non-oxidative reactions form 
AGEs, and reactive carbonyls due to increased glucose availability and decreased removal of 
toxic glucose levels.  AGEs interfere with cells in multiple ways, for example by directly by 
trapping circulating macromolecules and cross-linking them to glycated tissue.  Also AGE 
indirectly blocks and alters cell surface receptors, which affect signaling pathways [49].  AGE 
binding to advanced glycation end product receptors (RAGE), which causes cells to increase the 
expression of adhesion molecules, tissue factors, and cytokines [52].  
While reactive oxygen species (ROS) are important to normal cell function, altered levels can 
have undesired consequences.  ROS have been shown to impair endothelium-dependent 
vasodilation, cause apoptosis, and increase monocyte adhesion which contributes to 
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atherosclerotic lesions [53].  Increased ROS production also leads to cytoskeleton changes which 
could have adverse effects on the cell’s ability to respond to shear stresses [54]. 
Along with biochemical changes, high glucose has been shown to alter endothelial cell structure 
in vitro [55].  High glucose media increased the total cell area and cytoplasmic area and the 
reduced the nuclear area [55].  There was also an increase in giant and polynuclear cells in high 
glucose [55].  The actin fibers themselves may be altered by high glucose conditions.  The fibers 
were found in the middle of the cells, with long fibers running parallel to the long axis of the cell 
and not around the periphery as typical for static culture [55, 56].  Along with actin, several 
adhesion proteins were affected by the high glucose levels.  Focal adhesion kinase (FAK) and 
paxillin were found to increase over time with exposure to high glucose, and the calcium 
dependent adhesion molecules (cadherins), α-, - catenin were decreased [56]. 
High glucose levels also affect cell function [55].  Endothelial cells exposed to high glucose have 
increased permeability [51, 57], increased apoptosis [58-60], and altered basement membrane 
protein production [61, 62].  Permeability increases in high glucose culture[51].  Increased 
albumin flux across the endothelial cell monolayer was found to have a direct relationship with 
increased medium glucose levels [57]. PKC was found to contribute to this permeability. PKC 
inhibitors reduced permeability back to near the control levels [50, 57].   
Hyperglycemia is widely known to induce apoptosis in endothelial cells.  The elevated levels of 
oxidative stress is the main cause in both constant and intermittent exposure to high glucose 
level [60].  Along with oxidative stress, mitochondrial dysfunction and the impaired ability of 
insulin to stimulate the phosphorylation of Akt are suspected causes of apoptosis in the high 
glucose environments [58, 59].      
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Basement membrane and extracellular matrix proteins are upregulated by hyperglycemia.  High 
glucose has been shown to increase the expression of mRNA for collagen IV and fibronectin, 
both proteins found in excess in diabetic basement membranes [61].  This thickening of the 
membrane can have a number of adverse side effects, such as decreased passage through the 
membrane to the tissues, altered the cell metabolism, and impaired cell functions including 
migration, adhesion, and growth [63]. 
Hyperglycemia has a number of adverse effects to endothelial cells which are not yet fully 
understood.  Looking at endothelial cells in combined high glucose and shear stress conditions 
will help further our understanding of complex biomechanical and biochemical changes in the 
vasculature. 
1.5 Experimental Devices for studying endothelial cells under shear stress 
Endothelial cells experience shear stress constantly in the vascular system; however studying 
living cells in the body is difficult.  That is why it is important to develop in vitro systems that 
mimic physiological conditions.  There are several common methods of studying endothelial 
cells in shear stress, including cone and plate apparatuses, parallel plates, spinning disk 
apparatuses, and most recently microfluidic channel systems.  Each system has advantages and 
disadvantages. 
Both the cone and plate apparatus and parallel plate system apply laminar stresses to the cells. 
The shear stresses can be adjusted by varying the angle of the cone and plate [22] or the flow 
rate in the parallel plate system [24].  Cone and plate apparatuses have been used to 
characterize elongation and alignment of endothelial cells under shear stress [22, 23] and 
examine other shear stress effects including nitric oxide production [13].  Also multiple samples 
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can be tested at the same time under the rotating cone.  The parallel plate has been used for 
many of the same studies and produced comparable results.  One advantage of the parallel 
plate system is the ability to construct it out of optically transparent materials and image the 
sample during testing [64], which is difficult with the cone and plate but has been done[65].  
Also parallel plates allow easy sampling of the medium when required for testing [64].  A 
disadvantage of parallel plates is the unsteadiness of the peristaltic pump applying flow through 
the system, which can have minor effects.  Both of these systems were some of the first 
methods used in studying shear stress on endothelial cell and are still widely used today. 
The spinning disk apparatus is a shear stress device mainly used to study cell adhesion.  Cells are 
seeded on a substrate, which is then attached to a motor and placed in a fluid reservoir and 
spun.  The spinning disk applies an increasing shear stress to the cells starting from the center 
towards the substrate edge.  Using these devices, the adhesive strength of the cells can be 
tested [66-68].  The position on the disk where the cells begin to detach is determined as the 
attachment strength of the cells.  In adhesion dependent cells, like endothelial cells, it can be 
important understand attachment strength with respect to design of tissue engineering 
scaffolds, vascular implants and other medical applications.  Adhesion is also an important 
marker for cell basement membrane  interaction [66] and several aspects of cellular behavior 
including cell morphology, migration, growth, differentiation [69].   The spinning disk is one 
effective way of determining adhesion strength by measuring a range of shear stresses in a 
single experiment. 
Microfluidic channels are the newest technique for studying endothelial cell mechanics and 
shear stress response.  Microchannels are made through microfabrication techniques and can 
be custom designed for specific experimental conditions.  Microchannel systems are designed 
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on the order of micrometers. Their small size is advantageous because it allows for media 
conservation, modeling of microstructures found in the body, and precise fluid control with 
syringe pumps.  The experimental designs  range from simple flow chambers to study constant 
laminar shear stress [70] or multiple channel chambers with varying sizes to study adhesion 
strength or shear stress level [71] to capillary models [72] and three dimensional channel 
systems [73, 74].  Challenges with microchannels include cell survival in the microenvironment, 
difficult access to the cells for other testing (immunofluorescence, western blotting, etc), and 
difficult manufacturing compare to parallel plates. 
1.6 Objectives and Hypothesis 
While endothelial cell mechanics have been widely studied in healthy conditions, many disease 
states have yet to be explored.  Biochemical alterations related to high glucose may alter 
endothelial cell mechanics.  Clinical evidence suggests interaction between mechanics and high 
glucose, since diabetic patients have accelerated atherosclerosis at locations of disturbed blood 
flow.  The central hypothesis of this thesis is that high glucose conditions alter endothelial cell 
adhesion strength and response to fluid shear stress. Endothelial cell adhesion, elongation, and 
alignment under shear stress in hyperglycemic in vitro environments were investigated.   
1.7 Thesis Organization 
This thesis is composed of five chapters.  
The first chapter gave the clinical motivation and reasons for the research followed by a 
background of endothelial function in the body, the effect of shear stress and hyperglycemia on 
endothelial cells, and several methods for studying endothelial cells in shear stress. Chapter 1 
concluded with the objective and hypothesis.  
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The second chapter presents the two different flow systems used: microfluidic channels and a 
parallel plate system.  The design and manufacture of the microchannels is detailed along with 
cell testing and viability.  The specifics of the parallel plate system are described and cell testing 
and viability confirmed. 
The third chapter discusses the effects of elevated glucose on endothelial cell adhesion strength.  
Low and high glucose culture are compared along with the effects of a glycated protein as the 
substrate, simulating the long term effects of hyperglycemia. 
The fourth chapter presents the elongation and alignment of the endothelial cells.  This chapter 
primarily uses image processing to examine the structural changes in the endothelial cells after 
exposure to shear stress.  Both phase contrast and confocal imaging results are presented to 
find differences between hyperglycemic conditions and normal glucose levels. 
Chapter five discusses the conclusions for this research and possible future steps to further 
understand how hyperglycemia affects endothelial cell response to shear stress.   
  
 
  13   
   
2 Methods - Parallel plate apparatus and Microfluidic channels 
2.1 Introduction 
Several techniques have been used to study shear stress effects on endothelial cells, including a 
spinning disk[22, 23], cone and plate, parallel plate[24, 75].  More recently microfluidic channels 
have been developed to look at cells in a smaller scale environment.  The system progression 
seems to follow a common path.  Newer devices are smaller and can simulate more complex 
physiological flow patterns such as Shin et al’s model of vascular networks [72].   
Spinning disk and cone and plate devices were some of the first to be used to study endothelial 
cell shear stress response.  Both systems use motors to control the rotation in a fluid reservoir, 
but that is where their similarities end.  The spinning disk is primarily used to study cell adhesion 
by applying a shear stress gradient to the cells.  Cells seeded on disks are then placed in a fluid 
reservoir and spun at a constant speed.  The shear stress linearly increases out from the center 
of the disk [67]. The demarcation line, where cells are attached on one side and detached on the 
other side, indicates the adhesion strength [67, 76].  The cone and plate differs from the 
spinning disk in that it applies a constant shear stress to all cells. Also the cells are stationary in 
the cone and plate, with a spinning cone above the cells.  The cone typically has a small angle 
ranging from 0.5 to 5° depending on the desired shear stress with the shear stress relating to 
the angular velocity of the cone and angle [22].   This spinning disk apparatus also uses a 
relatively large fluid working volume, which can be difficult to maintain at constant temperature 
and pH. 
Parallel plates are used to apply laminar flow over an endothelial cell monolayer.  They are 
commercially available, and the flow chamber width is on the centimeter size scale.  Levesque 
and Nerem initially used parallel plates to study endothelial cell shape change in response to 
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shear stress [24].  An advantage of parallel plates is that they can be made out of optically 
transparent materials, which allows dynamic imaging of live cells in the system.   Parallel plates 
are simple to manufacture and easily custom designed for specific needs. As long as the width to 
height ratio remains high, shear stress can be approximated as that between two infinite 
parallel plates since edge effects are minimal.  These advantages make parallel plates an ideal 
choice for studying the shear stress effects on endothelial cells. 
Microfluidic channels are smaller versions of parallel plates, with microchannels on the scale of 
ten to hundreds of microns.  Originally microfabrication techniques were used exclusively in the 
internal circuit (IC) industry. Microfabrication has since expanded to pressure sensors, 
accelerometers, gyros, lab-on-a-chip devices and more [77].  Microchannels of different size and 
shapes can be manufactured in laboratories with experience in and equipment for 
microfabrication. Microfluidic channels are generally made of polydimethylsiloxane (PDMS) [78].  
PDMS is a silicone-based polymer that is non-toxic, optically clear, gas permeable, and easily 
molded with soft lithography.  The advantages of microchannels include the smaller scale, which 
conserves materials. Complex geometries can be made and studied at relatively low cost.  Some 
disadvantages include manufacturing challenges and cell survival in the microchannels. 
This chapter will discuss the two endothelial shear stress systems developed: PDMS 
microchannels and a parallel plate.  
2.2 Methods  
2.2.1 Cell Culture 
Primary porcine aortic endothelial cells (PAEC) were used for all experiments.  The cells were 
isolated from porcine aortae and cultured for 3-4 passages before being frozen down for later 
use.  The cells were cultured in low glucose Dulbecco’s Modified Eagle’s Medium (DMEM, 
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MediaTech) supplemented with 5% fetal bovine serum (FBS, Hyclone), 1% L-glutamine, and 1% 
penicillin-streptomycin (Gibco).  The cells were kept in the dishes until confluent and passaged 
using trypsin (Gibco) onto glass slides or into microchannels.  The cells were only used between 
passages 5-9. 
2.2.2 Microfluidic channel system 
The microfluidic channels were manufactured using a series of microfabrication steps.  The first 
step was making the chrome masks using photolithography and wet etching.  Next the SU-8 
molds were made by coating glass with the SU-8 and using the chrome mask to pattern them 
(Figure 2.1a-c).  The PDMS was then poured on the SU-8 molds and cured.  After curing, the 
PDMS was removed from the SU-8 mold and plasma bonded to a glass substrate.  Now the 
channel was ready to be cleaned, tested for leaks, and then finally used for cell experimentation. 
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Figure 2.1 - Manufacturing process for making microfluidic channels. UV light is shined through a chrome mask (a) 
to expose spin coated SU-8 on a glass substrate (b).  The photoresist is then developed to leave a negative mold (c), 
which is  post baked and silanized to protect it for use. PDMS (10:1 polymer: curing agent) is poured over the mask 
(d), cured for 2 hours at 80
°
C, and removed from mold (e). The PDMS microchannel is finally plasma bonded on to a 
glass coverslip (f). 
2.2.2.1 Mask Design and Fabrication 
Microchannel fabrication began with mask design and manufacture.  Mask patterns designed in 
AutoCAD had channels that were 250, 500, 800, and 1000 µm wide and 2 cm long (Figure 2.2).  
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The designs were printed on transparencies with a high degree of precision (JD Photo-Tools, 
Oldham, UK).   These bright-field transparencies were then used to make chrome masks.  
 
Figure 2.2 - A sample of the AutoCAD designs used to make chrome masks. 
 
Soda-lime glass (10.2 x10.2 cm) plated with chrome on one side (Telic) was coated with positive 
photoresist (Futurrex NR7-1600Py) on the chrome plated side.  The photoresist was applied with 
a spin coater at 3000 rpm for 40 seconds with an acceleration of 1000 rpm/s. The final 
photoresist thickness was approximately 1.5 µm. Then the substrate was baked on a hot plate 
for 3.5 min at 150oC.  The bright-field transparency was placed on the photoresist covered 
chrome plate. The photoresist was exposed to UV light through the transparency at an exposure 
of 585.39mJ/cm2.  After exposure, the substrate was baked for 3.5 minutes at 100oC.   The 
photoresist was developed using RD6 developer for 12 seconds under agitation.  With the 
photoresist patterned on the chrome plated glass, the chrome was etched with the chrome 
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etchant (CR-7S) at room temperature and under agitation to form the microchannel pattern.  
Once the chrome was etched, the photoresist was fully removed with acetone and the chrome 
mask was ready to be used to make SU-8 molds (Figure 2.1a). 
2.2.2.2 SU-8 Mold Fabrication   
Chrome masks were used to make SU-8 molds for PDMS microchannel casting.  SU-8 photoresist 
was spin coated on glass substrates (5.1 x5.1 cm soda lime glass) with the desired thickness.  For 
500 µm wide microchannels, SU-8 thickness (which corresponds to microchannel height) was 50 
µm.  To achieve this thickness, a 2 cm diameter drop of SU-8 (SU-8 2025 MicroChem) was placed 
on the glass substrate.  The slide was spun for 5 sec at 500 rpm with 100 rpm/s ramping, 
followed by 30 seconds at 1750 rpm with 300 rpm/s ramping and finally 6000 rpm for 3 seconds 
with 1000rpm/s ramping.  The last speed was used to remove the edge bead and make the 
coating a uniform thickness.  After coating, the substrate was placed on a hot plate and baked in 
two stages: 1 minute at 65oC followed by 15 minutes at 105oC.  After the last bake, the SU-8 was 
allowed to slowly cool on the hot plate over 1.5 hours.  Once the SU-8 was at room 
temperature, the SU-8 was exposed to UV light.  For the 50 µm thickness, 160mJ/cm2 was 
applied, which was 4 minutes of exposure to UV light.  After exposure, there was another two 
step bake: 65oC for 2 minutes followed by 10 minutes at 105oC.  The SU-8 mold was cooled for 
1.5 hours and developed in the SU-8 developer for 5 minutes under slow agitation. (Figures 
2.1a-c)  The substrate was washed with methanol, ethanol, and deionized water.  A hard bake 
was used to strengthen the mold to lengthen its lifetime.  The last step in making the SU-8 mold 
was silanization using TFOCS (Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane, United 
Chemical Technology) which prevents PDMS from sticking to the mold surface.  A TFOCS drop 
was placed on a wipe in a desiccator with the molds.  The vacuum was turned on for 60 seconds 
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and then the chamber was sealed and allowed to sit for 30 minutes.  The molds were stored in 
closed containers until they were used to make PDMS channels. 
2.2.2.3 PDMS microchannel fabrication 
The SU-8 molds were used in soft lithography to make PDMS microchannels.  SU-8 molds were 
cleaned with acetone, methanol and ethanol.  PDMS polymer (Sylgard 184) was mixed 10:1 with 
the curing agent, poured on the SU-8 mold (Figure 2.1d), and vacuum was applied to remove 
bubbles.  The PDMS was cured at 80oC for a minimum of 2 hours.  Following curing, the 
microchannel was cut to fit on the glass coverslip (Figure 2.1e).  The coverslip (Fisherbrand 
22x50mm, #2) was prepared for plasma bonding with an organic cleaning, including rinsing in 
acetone, methanol, ethanol, and finally deionized water.  The coverslip was dried with 
compressed air. Plasma bonding was used to form the channel.  The coverslip and PDMS 
channel were placed in the plasma chamber (Harrick Plasma PDC-32G) and the pressure was 
reduced below 200 Torr with a vacuum pump.  The plasma was then applied on high for 35 
seconds.   Immediately following plasma bonding, the coverslip and PDMS channel were pressed 
together, placed in an oven at 60oC, and kept under vacuum overnight (~400-500 torr).  After 
the vacuum and heating, the channel was manually tested for successful bonding and flow 
tested for leakage.   
2.2.2.4 Cell Testing in the microchannels 
The complete microfluidic channel device included a syringe pump (KD Scientific), a 60CC 
syringe, Tygon tubing (Saint-Gobain), the microchannel and a waste media reservoir (Figure 2.3).   
Typical flow experiments in the microchannel took 2-3 days.  First PAEC were seeded into the 
microchannel.  Cells were trypsinized and centrifuged to achieve a high cell density (4-16,000 
cells/µL). 30-40 µL of cell solution was injected into the microchannel with a micropipette to fill 
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the connectors and the channel. Great care was taken to avoid bubbles in the channel.  After 
cells were injected in the channel, they were allowed to attach in the incubator for 30 minutes. 
The syringe pump was attached and a low flow rate used to allow the cells to spread and attach 
in the channel. A flow rate of 1 µL/min allowed the media to be refreshed approximately every 
minute.  After 2 days of low flow, shear stress was applied to the cells by increasing the flow 
rate. Cell images were taken at 0, 3, 6, 12, and 24 hours. 
 
 Figure 2.3 - Microfluidic channel with the syringe pump and Tygon tubing. 
The Tygon S-54-HL and Pharmed BPT tubing was tested for cell toxicity.  Tubing sections were 
placed in fresh media in the incubator and soaked for 2 days.  At the same time cells were 
seeded in a 6-well plate and allowed to proliferate.  After 2 days, the media incubated with 
tubing was added to three cell wells.  Cells were imaged daily for morphological changes and cell 
death.   
Tubing and microchannels were cleaned between uses in 1% Sodium Dodecyl Sulfate (SDS) 
(Fisher) for 60 minutes under sonication at 60oC.  Following the SDS wash, the tubing and 
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channels were rinsed with ethanol, allowed to dry, rinsed with sterile PBS for 10 minutes, and 
placed under UV light for one hour.  
2.2.3 Parallel plate system 
2.2.3.1 Experimental Setup 
A rectangular parallel plate flow chamber (GlycoTech Corporation) designed for use with a 
microscope slide was used for all experiments.  The flow was controlled with an Ismatec Reglo 
Digital (Cole Parmer) peristaltic pump with a combination of PharMed BPT (Cole Parmer) and 
platinum cured silicone tubing (HelixMark) with an inner diameter of 1.5875 mm.  To prevent 
bubbles from passing through the parallel plate and disturbing the cells, a Stovall Flow Cell 
bubble trap was used (Fisher Scientific).  All system parts were thoroughly cleaned before using 
with cell culture.  The bubble trap and parallel plate were cleaned with 70% ethanol and left to 
dry in sterile environments, while the tubing and glass slides were autoclaved.  The system 
pulled media through the bubble trap and parallel plate to help reduce unsteady flow from the 
peristaltic pump (Figure 2.4).  The eight roller pump also helped reduce the pulsatility of the 
flow.  
 
Figure 2.4 - Parallel plate flow chamber setup with all components and the flow direction indicated. 
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The entire system was run at 37oC and 5% CO2 either in an incubator (Figure 2.5) or on a phase 
contrast microscope platform in a weather station, to control the temperature and CO2 levels 
around the microscope stage.  Often two channels were used at the same time to reduce 
variation in experimental conditions. 
 
Figure 2.5 - Flow test of two parallel plate flow chambers in progress in the incubator to maintain temperature and 
pH.  
2.2.3.2 Cell testing and experimentation 
300,000 cells were seeded onto the glass slides (25 x 75 mm) 48 hours before flow testing.  A 
buffer (25mM Hepes (Sigma) and 4.8mM Hydrochloric Acid(HCl, Fisher) were added to 
supplemented media to help maintain pH in the temperature controlled chamber around the 
microscope.  Microscope slide coating was performed overnight at 4oC with a solution of 10 
µg/mL native or glycated collagen in phosphate buffered saline (PBS). 
Real-time experiments were performed to monitor cell health over time in the flow chamber.  
The parallel plate flow chamber was placed on a phase contrast microscope stage enclosed in a 
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weather station.  Images were taken every 15 minutes and the pH of the media was monitored 
using pH test paper strips during the experiment and a pH meter to get a reading at the end.   
2.2.4 Shear Stress calculations 
It is important to have accurate shear stress values in both of these systems.  Fortunately the 
two systems follow the same fluid dynamic principles and the same equation can be use to 
accurately approximate shear stress from the flow rate.  Both systems also produce a constant 
laminar flow throughout the chamber length. All of the principles are based on flow between 
two parallel plates.  The Reynolds number was calculated for each of flow systems.  The 
following formulations were used 
 Re  , (2-1) 
where Q is the flow rate (m3/second), w is the width of the chamber, h is the height of the 
channel,  is the fluid velocity (avg. meters/second), and  is the kinematic viscosity of the fluid.  
The kinematic viscosity of our medium was assumed to be the same as water at 37oC and the 
value used was 6.93(10-7) m2/s. This value was interpolated from data on water ranging from 0 
to 100oC.  The Reynolds numbers were 0.774 and 10.2 for the microchannel and parallel plate, 
respectively, at the flow rates required for 20 dynes/cm2 shear stress. These Reynolds numbers 
are well within the laminar regime.  Calculating the shear stress on the parallel plates begins 
with some assumptions in the Navier-Stokes equations.  The fluid is only flowing in the x-
direction so v and w are zero and using continuity .  Also there is steady flow in the 
system so .  This gives the following simplified Navier-stokes formulation  
    or    (2-2) 
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where p is the pressure, u is the velocity in the x-direction, and µ is the dynamic viscosity.   This 
equation is then integrated twice to get the relationship between pressure change and velocity, 
  (2-3)  
where y is the position in the channel.  The volume flow rate was then integrated over the 
distances between the plates [79] 
 , (2-4) 
where b is the width of the channel.  This was rearranged so the pressure change is written in 
terms of the flow rate  
 . (2-5) 
The shear stress in the parallel plate and microchannel was based on the stress and pressure 
relationship [24] 
  (2-6) 
where the wall shear rate, Sw, is the derivate of the velocity (Equation 2-3) taken at the wall 
surface 
  (2-7) 
and the change in pressure ( ) is found from equation 2-5 and plugged into equation 2-7. 
   (2-8) 
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Finally equations 2-6 and 2-8 are put together and the relationship between flow rate and shear 
stress is   
  . (2-9) 
Equation 2-9 has several key assumptions. The fluid is Newtonian, the flow is laminar and fully 
developed, and the aspect ratio (width to height ratio) is high for the chamber.  Both the parallel 
plate and microchannel successfully satisfy these assumptions.  This equation was applied by 
Levesque and Nerem when they used a parallel plate system to characterize elongation and 
orientation of endothelial cells under shear stress [24, 80] and has been later used in 
microfluidic systems and is not affected by the reduced scale of the microchannels. These values 
for shear stress were used for all of the flow experiments both adhesion, and elongation and 
alignment studies.   
 
Figure 2.6 – Shear Stress to flow rate relationship for A) a microchannel with the dimensions 500µm by 35µm and 
the B) parallel plate chamber.   
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2.3 Results 
2.3.1 Microchannel Manufacturing  
Several chrome masks were successfully created to test different channel sizes and flow 
patterns. These patterns (Figure 2.7) were then used to make SU-8 molds.  Multiple channels 
were made on the same mask to have molds that were could produce more than one channel. 
  
Figure 2.7 – Two different chrome masks for making SU-8 molds. 
With the chrome mask manufactured, the SU-8 molds were made (Figure 2.8).  The finished SU-
8 molds were slightly yellow in color on the clear substrate.  This colorization occurred during 
the hard bake process.  The mold in Figure 2.8 was created with a mask that had three molds on 
it however only two of the channels were successfully recreated on the mold.  The smallest 
width channel was washed away during the development.   After silanization, the SU-8 mold was 
used to make the PDMS microchannel.  The SU-8 mold lifetime ranging from 6-10 uses before it 
needed to be replaced. 
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Figure 2.8 - Finished SU-8 mold with a 500 µm wide and 35µm high channel on the left. 
The PDMS channel was plasma bonded to a glass slide, cleaned, and used for cell testing.  The 
microchannel connectors were added during the molding process to prevent leakage during 
flow testing and cell experiments. The completed channels were used for 3-4 flow experiments 
before being replaced.  
 
Figure 2.9 - Image of the finished micro channel with connectors. 
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2.3.2 Microchannel Cell Testing 
Initial cell experiments showed several problems with cells growing in the microchannel 
environment.  Poor morphology, cell clustering, and cell loss was seen in the microchannels.  
Even before shear stress was applied to the endothelial cells, the cells looked unhealthy with no 
improvement over the 24 hours.  The cells were randomly elongated and grew on top of each 
other, rather than forming a confluent monolayer.  Also some cell loss occurred in the channel 
over the 24 hours of shear stress (Figure 2.10).  Clustering of cells was also seen during the initial 
low flow rate seeding.  Clustered cells appeared as a bright spot on the phase contrast image 
and seemed to be a three dimensional grouping of cells (Figure 2.11a).  More cell loss during the 
microchannel experimentation is shown in Figure 2.11b and was not specific to either low or 
high shear stress conditions. 
 
Figure 2.10 - An early flow test in the microchannel shows poor cell morphology and cell loss. PAEC were exposed 
to 20 dynes/cm
2
 shear stress.  10x magnification. 
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Figure 2.11 - A) Cells clustered after being injected into the microchannel and attached at a low flow rate overnight. 
Image taken from a single microchannel 800µm in width, 80µm in height after 3 hours of 20 dynes/cm
2
 shear 
stress. B) Cells lost after applied shear stress. Image from a single microchannel 800µm in width, 80µm after 3 
hours of 12 dynes/cm
2
 shear stress.  10x magnification. 
Leaching of foreign materials/chemicals from the tubing into the media was a concern, so the 
tubing was tested for cell toxicity. Cells were found to be greatly affected by the tubing 
composition.  After 4 days exposure to media soaked in the Tygon tubing, there were 
considerable changes in cell morphology and cell death/loss (Figure 2.12).  The cells elongated 
randomly in Tygon medium, some cells detached from the well, and cells began to grow on top 
of each other.   
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Figure 2.12 – Tygon tubing leached harmful chemical into the medium. A) Day 1, no tubing B) Day 1, tubing media 
C) Day 4, no tubing D) Day 4, tubing media  
Pharmed BPT tubing was selected to replace the Tygon tubing after successful static toxicity 
testing.    This was the final major change in the microchannel system.   The new tubing 
improved cell morphology and survival and successful elongation experiments were performed 
(Figure 2.13).  The cell length to width ratio increased from 2.137± 0.677 to 5.047 ± 2.574 over 
24 hours of 20 dynes/cm2 shear stress in the experiment presented in Figure 2.13, manually 
measuring the length to width ratios in Matlab.  The elongation occurred in the flow direction. 
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Figure 2.13 - Successful cell growth and cell shape change in response to shear stress in the PDMS microchannel 
system. a) Prior to injection to microchannel, b) Before exposure of 20 dynes/cm
2
 shear stress, c) after 12 hours of 
shear stress, d) after 24 hours of shear stress. 10x magnification, phase contrast microscopy. 
2.3.3 Parallel Plate Cell Testing 
The parallel plate system had fewer issues with initial testing.  Cells grown on glass slides in 
static conditions and then placed in the parallel plate flow chamber had better morphology at 
the start of the experiments.  However, there was still some cell loss/death during longer term 
experiments (longer than 6 hours).  The platinum cured silicone tubing had been tested with 
PAEC in the same manner as the Tygon tubing and showed no cell toxicity effects.  During real-
time testing of cells in the parallel plate flow chamber, cells were observed to shrink away from 
each other and ball up, as indicated by brightening around the cell edges and spaces between 
cells (Figure 2.14).  The medium pH was found to increase during the experiment (Figure 2.16).  
The final medium pH after 3 hours of monitoring was 8.   This value is beyond the acceptable 
range for endothelial cells.  Hepes buffer was added to the DMEM to regulate pH during 
subsequent experiments.    
 
  32   
   
 
Figure 2.14– Cell death in the parallel plate system was found to be pH related.  After three hours in a 37°C and 5% 
CO2 weather station, cells started to ball up and shrink away from each other.  Medium used was DMEM with 5% 
FBS. 
Buffering the medium greatly improved endothelial cell health during the 3 hour real-time 
experiment (Figure 2.15).  The pH was found to be around 7.65 after three hours of testing 
when measured with a pH meter.  Cells remained flat and confluent on the glass substrate.  High 
shear stress conditions continued to experience some cell loss, but this may have occurred 
because of bubbles disrupting attached cells.  After the pH problem was fixed with the medium 
buffering, long term experiments to study cell elongation and alignment were possible.  The 
buffered medium led to successful 24 hour flow experiment with the parallel plate system.  
Initial successful tests were on uncoated slides and low glucose DMEM with 5% FBS and 25 mM 
Hepes.  A large band of cells in the center of chamber remained attached to the slide and 
elongated and aligned in the direction of the flow (Figure 2.17).  The cells maintained expected 
morphologies and did not ball up or shrink away from each other. 
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Figure 2.15 - Cell morphology improved after three hours of shear stress with the addition of the Hepes Buffer to 
the medium. 
 
Figure 2.16 - Hepes helped to maintain lower pH during the 3 hours of shear stress. ( measurements from 6-10  pH 
paper)  
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Figure 2.17– Successful cell survival and shape change for a 24 hours flow experiment, cells remained confluent and 
elongated and aligned in the direction of flow. 
2.4 Discussion 
Both microfluidic channels and parallel plates are viable methods for applying shear stress to 
endothelial cells.  The systems were both able to apply accurate shear stress on endothelial cells 
and produce the expected shape changes.  The tubing was tested and confirmed to be 
biocompatible with PAEC.  Maintenance of medium pH required buffering in the parallel plate 
system to improve cell health during experimentation.   
Microchannel design affects flow within the microfluidics devices. The simplest channels are 
straight and have a constant width with reservoirs on the end.   These were a good starting 
place for working in microchannels.  More complex designs can have multiple channels on the 
same device or variation in the width along the channel to study the effect of varying flow rates 
[71].  Problems arose with multiple channel designs with unequal distribution of the flow at 
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locations of ninety degree angles.  Often the center channel would receive the majority of the 
flow and experience a high shear stress while the outside channels would have lower levels of 
flow.  This was observed by a washing away of cells in the center channel and an absence or 
reduction in shape change of the cells in the outside channels.  By maintaining the same channel 
lengths and volumes the fluid flow distribution would have been the same for each channel or 
by feeding the channels from a large channel with less fluid resistance the unequal flow could 
have been avoided.  All successful cell testing was done with the straight channels. 
Early mask designs had different channel widths on them, which presented challenges in 
manufacturing.  The smaller width channels often fell apart during development of the SU-8 
molds.  SU-8 is capable of making tall structures with low aspect ratios (width: height), but great 
care was required with development and exposure. This affected the dimensions of the higher 
aspect ratio channels. Different exposure techniques such as e-beam, x-ray radiation, or i-line 
exposure often can help improve the SU-8 cross-linking and avoid some of the edge effects 
when making the high aspect ratio designs.  Those exposure techniques may have made it 
possible to avoid losing the smaller channels during the development.  Also it is not possible to 
have multiple heights structures of SU-8 with only one exposure and mask, making it a far more 
complicated problem to have multiple channels with different dimensions on them while 
maintaining the aspect ratio.  Future mask designs have channels with the same dimensions on 
them and several identical channels on the same mold to improve production of the channel 
and conservation of PDMS during the soft lithography molding processing. 
Plasma bonding was a problem with the manufacture of the microfluidic channels.  Once the 
channels were molded, the plasma bonding was important to the success of the channel.  The 
connectors often interfered with the plasma bond, creating larger than desired end reservoirs or 
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causing flow leakage.  There may have been some inconsistency in the plasma which created 
unpredictable bonding.  The addition of heating and a vacuum after bonding greatly improved 
the bonding success rate.  This could have been because of the longer time for the reaction to 
occur and because of the forced interaction.   
There were several possible causes for the problems in initial cell testing in the microchannels. 
The morphological changes could have come from a variety of causes.  Cells could have been 
damaged in the injection process by harsh pipetting, high pressure, or mixing during re-
suspension after centrifuging them into a pellet.   Toxic chemicals or particles could have been 
introduced into the medium from improper cleaning between uses or leaching from the tubing 
or PDMS.  A final possible cause could have been inadequate media refresh rate.  The typical 
pre-shear stress flow rate allowed cells to have fresh medium every minute. At such a low 
volume, it is possible that was not sufficient, or in contrast cells needed a slower flow rate.  
Endothelial cells release growth factors and signaling molecules into the medium that are 
important to proper cell growth and proliferation. These could have been washed away by the 
initial flow rate.  
Two of the biggest issues were the clustering of cell and cell loss during testing.  The clustering 
may have been an artifact of the cell injection process into the microchannel and seemed to be 
reduced with improved mixing of the cell suspension.  It was not eliminated, however, and 
therefore could have been part of the cell morphological changes.  Cell loss could have been 
caused by toxic chemicals in the medium or even just the flow.  Cells may not have had 
adequate time to attach to the channel bottom and create stable focal adhesions in the 
microenvironment. 
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Leaching toxins into the medium affects cell morphology and health.  Silicone tubing has been 
widely used in cell culture due to its biocompatibility.  However peroxide-cured silicone tubing 
can be toxic to cells due to released polychlorinated biphenyls (PCBs) [81, 82].   This effect was 
not observed in platinum-cured silicone tubing; therefore platinum-cured tubing has become 
the preferred choice.  Platinum-cured tubing showed a slightly decreased thrombotic response 
in hemocompatibility testing when compared to peroxide-cured tubing during in vitro 
experimentation [83].  The Tygon tubing tested resulted in morphological changes and cell 
death in static culture, which could possibly be a similar toxic effect.  The Pharmed BPT tubing 
and platinum cured silicone tubing were shown to be relatively non-toxic to PAEC. 
The microchannel was successfully used to show significant cell elongation over 24 hours at 20 
dynes/cm2 shear stress, but the results were not consistent making it undesirable to performed 
different experimental conditions with the system. More work is required to achieve reliable 
results in the microchannel system before experimentation can be done in the channels. 
Stable pH was critical to cell health in the parallel plate flow chamber.  Real-time cell monitoring 
was important to finding this problem because the cell changes were missed when checked 
after 3 or 6 hours of flow due to cell loss and shape change.  The shape changes became more 
prominent after 3 and 6 hours and cell health was harder to determine. It was uncertain as to 
whether the observed changes were from the shear stress or problems with cell health.  
Typically the CO2 environment maintained medium pH, but the flow chamber reservoir has 
vastly lower surface area to volume ratio compared to cell culture dishes altering the diffusion 
of CO2 into the media.  It was unclear if this was the reason for the changes in the pH but it was 
out of an acceptable range for the cells during experimentation. 
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Successful cell testing in the parallel plate was resolved when the pH was controlled by buffer.  
From there the parallel plate produced consistent elongation and alignment results.  Cells 
remained healthy throughout the experiments and there was a reduction in cell loss. Changes in 
cell morphology were quantified between experimental conditions. 
Both systems have advantages and disadvantages.  The microchannels are smaller scale, easier 
to handle, used less medium, and the flow was controlled by a syringe pump which avoided the 
unsteady peristaltic pump flow.  The parallel plate is a widely used system, allows for greater 
cell number, provides consistent results, and provided easier access to cells after flow 
experiments for additional testing.  The microfluidic system however did not provide consistent 
results. While there were successful flow tests the inconsistency hindered useful results when 
changing experimental conditions.   The parallel plate system produced consistent results, and 
cells were easily fixed and labeled for imaging after the flow time was completed.  All of the 
further experimentation presented in this thesis were performed with the parallel plate setup 
for consistency and ease of comparison.   
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3 Endothelial cell adhesion  
3.1 Introduction 
Endothelial cell adhesion strength is important to normal cell function as well as in many tissue 
engineering applications.  Normal shear stress levels in the body range from 20-40 dynes/cm2 
for large arteries [84] but higher shear stresses can be studied to assess adhesion strength.  
Adhesion is important to endothelial cells and can affect cell morphology migration, growth and 
differentiation [67, 85].  Antithrombogenic vascular grafts, which are lined with endothelial cells, 
may be designed to improve adhesion strength [69, 86]. 
Substrate coating affects endothelial cell adhesion strength [69, 87].  Differences between 
collagen and fibronectin as coating substrates have been studied [69],as well as the effects of 
substrate roughness on endothelial cell adhesion [88].  While fibronectin is widely used in 
experimental studies as a substrate protein, collagen was used in these experiments because it 
is a primary endothelial cell basement membrane component that can be modified by high 
glucose.  Substrate coating can affect the cells in more ways than just the adhesion.  Glycated 
collagen substrates have been shown to reduce cell life and decrease proliferation [89] as well 
as a slow cell proliferation and lower confluent cell density [90]. 
These studies will examine how medium glucose level and glycated collagen substrates affect 
endothelial cell adhesion strength, improving understanding of hyperglycemia’s effect on 
endothelial cells.  Adhesion strength is involved in a large number of cell functions, including 
endothelial cell shape change in response to shear stress, which is presented in Chapter 4.  
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3.2 Methods 
3.2.1 Cell Culture 
Primary porcine aortic endothelial cells were cultured as previously described. For adhesion 
experiments, the medium was buffered with 25 mM Hepes and 4.8 mM HCl to maintain pH.   In 
high glucose experiments, medium was supplemented with 30 mM D-glucose (Mallinckrodt).   
For the 48 hour attachment experiments, 300,000 cells were seeded onto the glass slides (VWR, 
25x75 mm).  For the 24 hours seeding experiments, 600,000 cells were used.  And for the 6 hour 
seeding time an entire well from a six well plate was used (approximately 900,000 cells).  Glass 
slide coating was performed overnight at 4oC using 10 µg/mL of native or glycated collagen in 
PBS.  The glycated collagen was made by incubating glucose-6-phosphate (500 mM, Sigma) with 
type I collagen (100µL/mL, Fisher) for 4 weeks at 37°C.  The protein glycation was validated with 
collagen autofluorescence and western blot.  
3.2.2 Adhesion Experiments 
The parallel plate device was used to test cell adhesion.  All experiments were performed on a 
microscope stage (Olympus IX81 motorized inverted fluorescent microscope with phase 
contrast) enclosed within a weather station (PrecisionControl) to maintain temperature at 37oC 
and atmosphere at 5% CO2.  The cells were subjected to shear stress of 100 dynes/cm
2 for 2 
hours with 10X magnification phase contrast images taken every 10 minutes.  The cells lost were 
then manually counted on each image and an average over 3 experiments was taken.  Low and 
high glucose medium samples were compared along with native and glycated collagen substrate 
samples for differences in cell detachment.   
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3.2.3 Image processing 
Phase contrast images were processed in Matlab using the image processing toolbox, after 
which detached cells were counted manually.  Image contrast was enhanced to help 
differentiate between attached cells and lost cells using a built-in Matlab function called 
adapthisteq, which is contrast-limited adaptive histogram equalization (CLAHE).  This was 
chosen because it outputs uniformly contrasted images, and is not affected by unevenly 
exposed images with dark patches at the corners.  Cell images were then broken into a grid, and 
each section of the grid was manually counted separately to simplify counting (Figure 3.1, code 
in Appendix 1.A).  Statistical analysis was performed in Matlab using the statistical analysis 
toolbox. Two sample t-tests were used to compare final cell detachment and multiway (n-way) 
analysis of variance tests (ANOVA) to compare trends. 
 
Figure 3.1 –Sample phase contrast image taken at 10x during the detachment experiment A) before processing B) 
after contrast enhancement and addition of the grid. 
3.3 Results 
Low and high glucose medium effects on endothelial cell adhesion strength were measured for 
cells on bare or native collagen coated substrates. Cell adhesion strength appeared to be 
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decreased by high glucose after 48 hours of attachment, however large sample variance 
prevented observation of statistical significance.  The cells detached from the substrate one at a 
time or in groups of 2-5 cells. They were counted after all of the images were taken and the 
experiment was finished.  Visually more detachment was seen in the high glucose experiments 
compared to the low glucose experiments (Figure 3.2).   
 
Figure 3.2 – slightly more detachment was observed for cells cultured in high glucose medium after 2 hours of 100 
dynes/cm2 shear stress, however the effect was not statistically significant. 
When 3 experimental runs for the high glucose conditions were compiled, the high glucose cells 
appeared to detach sooner and in a greater amount (Figure 3.3).  The trend of the high glucose 
was significantly lower than the low glucose (p = 1.07 x 10-6) but the final number of remaining 
cells at 120 minutes was not statistically significantly different (p = 0.072).   
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Figure 3.3 – 48 hours after seeding, high glucose samples lost more cells during detachment experiment than low 
glucose samples.  The shear stress was 100 dynes/cm
2
, uncoated slides. 
The high glucose effect was reversed at a shorter seeding time of 6 hours.  The low glucose 
samples lost 15% more cells during the experiments than the high glucose (Figure 3.4).  These 
results showed larger separation between the two conditions and ANOVA analysis provided 
significance (p = 2.11 x 10-10).  There was an increased variation in the results as the exposure 
time increased.    
 
Figure 3.4 – After 6 hours of seeding, the low glucose samples loss more cells than the high glucose. The shear 
stress was 100 dynes/cm
2
, uncoated slides. 
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Comparison of the seeding time in low glucose conditions on uncoated glass slides found that 
there was about 15% reduction in attached cells with 24 hour attachment time and a 35% 
reduction in attached cells for 6 hour attachment times (p = 6.99 x 10-15).  After 1 hour of shear 
stress exposure, the variation in the results seemed to increase for the 6 and 24 hour times 
attachment times.   
 
3.5 - Seeding time reduced the adhesion strength of the endothelial cells.  All experiments were in low glucose and 
on uncoated substrates. 
The coated substrate experiments showed no difference between native and glycated type 1 
collagen.  2 hours of shear stress exposure gave a large variance in results and representative 
images are shown (Figure 3.6). 
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Figure 3.6 – Cell detachment experiment on cells grown on glycated and native collagen before and after 2 hours of 
100 dynes/cm
2
 shear stress. 
The quantified results from all of the images also showed small variations between the 
conditions (Figure 3.7).  Roughly 10% of cells were lost after 2 hours of 100 dynes/cm2 shear 
stress.  One experiment in the high glucose and native collagen group lost close to 40% of the 
cells, which led to a large standard deviation in the results.  None of the substrate coating 
conditions were statistically different after 2 hours of shear stress.   
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Figure 3.7 - Cells remaining during the 2 hour detachment experiment for coated substrates. LG- low glucose, HG - 
high glucose 
3.4 Discussion 
Endothelial cells exposed to high glucose also exhibited greater adhesion strength at the shorter 
seeding times.  There was a seeding time dependent response of endothelial cell adhesion, with 
significant decreases in strength at lower attachment times as expected [75].  Cell adhesion had 
a time dependent response to endothelial cells exposed to high glucose, however there was no 
differences for cells cultured on different substrates after 48 hours of attachment.   
The shear stress applied to the endothelial cells was high.  100 dynes/cm2 in shear stress is not 
physiologic but is used only to examine cell adhesion strength.  This high shear stress had a 
limited effect on the cell detachment from the substrate over the two hour exposure for the 
cells allowed to attach for 48 hours, but it did affect the cells.  There was a brightening around 
the edges of the cells, an indication of undesired shape change in the cells, with the cells 
becoming slightly more separated from each other.  The cells were not exposed to the shear 
stress for a long enough time in these experiments to experience elongation or alignment shape 
changes however those changes occurred in the cells that most often detached.  
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High glucose media (with 5% FBS) and uncoated experiments showed a dependence on 
attachment time, which would suggest a possible transient or time dependent effect on the 
endothelial cells.  For cells exposed to high glucose, there is a potential increase in endothelial 
cell adhesion strength for short attachment times, followed by a decrease in adhesive strength 
at longer attachment times.  An alteration in the production of focal adhesions and integrin 
proteins in cells treated with high glucose levels has been observed [56].  Focal adhesion kinase 
and paxillin, which are signaling molecules involved in linking the cytoskeleton to basement 
membrane, were up-regulated after short exposure to high glucose[56], possibly increasing the 
adhesion strength in the short term.  It is possible that this affected the adhesion of the cells to 
the substrate and caused this time dependent response.  Adherens junctions α- and - catenin 
were among those proteins decreased in exposure to shear stress after 24 hours of exposure 
[56] one of the possible reasons for decreased adhesion at the longer attachment time.  Cell to 
cell adhesion is an important factor in endothelial cell adhesion strength.  Also higher levels of 
reactive oxygen species (ROS) are another possible cause for the differences in cell adhesion in 
high glucose.  Enhanced ROS levels can change cell metabolism, damage membrane proteins, 
and alter endothelial synthesis of adhesion molecules [47, 50, 91] all of which could alter 
endothelial cell adhesion.  
Shorter seeding times reduced the adhesion strength of the endothelial cells as seen previously 
[75].  This was an expected result and helped to validate our experimental system and protocols.   
The coatings were tested with 48 hour attachment time for comparison and reference to the 
elongation and alignment data presented in chapter 4.   
The large variance in the coated substrate results and minimal detachment prevented any 
statistical significance in the data.  However there did seem to be slight variation in when 
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detachment began.  The cells grown in low glucose medium and on native collagen started 
detaching at a later time than the cells exposed to high glucose and the glycated substrate, 
suggesting slightly increased adhesion strength.   To get better discrimination between the 
results more experiments could be run with the same conditions creating smaller variation, 
although it would be better to alter the experimental protocol so fewer factors can interfere 
with the adhesion strength.  Cell to Cell adhesion, basement membrane production, seeding 
concentration can all affect adhesion strength in this experimental system, it would be better to 
design a system or protocol to just test integrin bond strength in high glucose conditions and on 
altered substrates. 
These results for the most part are inconclusive and show that adhesion strength was 
unaffected by substrate coating and medium glucose level after 48 hours of attachment.  
However it is important to note that these findings are specific to the presented experiment 
system.  Studies have shown that both fibronectin and collagen increase cell adhesion in 
endothelial cells [69, 87], showing there is a dependence of adhesion strength on substrate 
chemistry.  Since this experimental system was used for further studies, it was an effective way 
to examine cell adhesion as a mechanism for an alteration in cell shape change in response to 
shear stress. Other systems for testing cell adhesion may improve on these results by reducing 
the variability to uncover differences.  Examining ranges of shear stresses in a spinning disk 
apparatus [67, 92] or individual cell adhesion strength using a cytodetacher [85, 92] may provide 
insights not seen with the parallel plate fluid shear stress system. 
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4 Elongation and actin fiber alignment of endothelial cells under shear stress  
4.1 Introduction 
Endothelial cells are constantly affected by mechanical forces, both from the cyclic stretching of 
the vessel walls and shear stress due to fluid flow.   Endothelial cells have been shown to adapt 
to fluid shear stress, elongating and aligning in the direction of flow [8, 10, 22-24, 27, 30, 84].  
This adaptation to fluid flow is thought to reduce the stresses in the cells and is important to 
endothelial cell health [93].  Regions of disturbed blood within the body are at a heightened risk 
for atherosclerosis, suggesting that fluid shear stress is important to endothelial cell function [8].   
Early studies by Dewey et al and Levesque and Nerem quantified and characterized endothelial 
cell elongation and alignment.  They found that elongation was dependent on shear stress level 
and exposure time[22].  They also pioneered methods of quantifying these changes using angles 
of orientation and shape index [24]. Both of their studies applied constant laminar shear stress 
in vitro.  This adaptation phenomenon has also been shown in vivo, with the long axis of 
endothelial cells aligning in the direction of the flow under normal conditions [10, 21].   
Along with shear stress, high glucose levels and glycated substrates alter cell structure.  Lee et al 
showed that elevated concentrations of glucose altered actin filament organization in rat heart 
endothelial cells [56].  Substrate glycation has been shown to affect the endothelial angiogenic 
responses [94] and made the cells show signs of premature senescence [89]. 
Endothelial cells are mechanosensitive to fluid shear stress, and hyperglycemia, a symptom of 
diabetes, affects endothelial cell function.  Clinical evidence suggests interaction between 
mechanics and high glucose, since diabetic patients have accelerated atherosclerosis at 
locations of disturbed blood flow [62].  The combined effect of glucose and shear stress has not 
yet been studied experimentally and is the focus of this study.   
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4.2 Methods 
4.2.1 Cell Culture 
Porcine aortic endothelial cells (PAEC) were cultures as described previously in buffered 
supplemented DMEM.   In high glucose experiments, medium was supplemented with 30 mM D-
glucose.  For all experiments, 300,000 cells were seeded onto glass slides 48 hours before flow 
testing.  All experiments were done with cells between passages 5-9.  Glass slide coating was 
performed overnight at 4oC using a 10 µg/mL solution of native or glycated collagen in PBS. 
4.2.2 Experimental System 
The parallel plate device was used to study endothelial cell elongation and alignment.  
Experiments were performed in duplicate in the incubator as shown in Figure 2.5.  20 dynes/cm2 
shear stress was applied to cells for 12 or 24 hours.   Cells seeded on glass slides but not exposed 
to flow were static controls. After the flow experiment, cells were fixed with 4% 
paraformaldehyde for 20 minutes at room temperature.  The cells were imaged by phase 
contrast microscopy before and after flow. 
4.2.3 Immunofluorescence labeling and imaging  
Immunofluorescence labeling was used to study the cell cytoskeleton.  Actin filaments and 
nuclei were labeled at room temperature with rhodamine phalloidin (Invitrogen) and 
Bisbenzimide (Hoechst, Invitrogen), respectively.  After paraformaldehyde fixation, cells were 
permeabilized with 0.1% Triton X-100 for 5 minutes and washed 3 times with PBS for 5 minutes.  
Next, non-specific binding was blocked by incubating cells with 1% BSA in PBS for 30 minutes.  
Rhodamine phalloidin (1:40 dilution from stock 6.6 µM solution) and Hoechst (0.2 µg/mL) were 
added to the cells and incubated for 30 minutes in PBS with 1% BSA.  After the incubation, the 
cells were washed 3 times with PBS for 5 minutes.  The cells were then mounted with a 50:50 
solution of PBS and glycerol and covered with a coverslip for imaging.   
 
  51   
   
The slides were imaged with an Olympus IX81 motorized inverted confocal microscope.  Images 
were taken across the slide length and at both 20x and 60x magnification. Four images were 
used for image processing. 
4.2.4 Image Processing 
Phase contrast images were manually measured to calculate cell elongation and alignment.  The 
long and short axes were selected and measured in Matlab.  Elongation was quantified as the 
ratio of cell major to minor axis length, and the major axis angle was used to determine the 
percentage of aligned cells.  For each image, 20 cells were selected randomly across the entire 
image and three images were used for each experiment.  Figure 4.1 shows measurement of the 
cells in static and shear stress environments.  The green line is the major axis and the red is the 
minor axis.  The cell end points were manually selected, but the axes lengths and angles were 
measured using custom Matlab scripts (Appendix 1.B). 
 
Figure 4.1 – Manual measurement of the major and minor cell axes before and after shear stress to determination 
endothelial cell elongation and alignment. 
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The fluorescent actin filament images also were processed using a custom designed Matlab 
program.  However the analysis was based off of Yoshigi et al’s method of fiber alignment 
direction [95].  The process is outlined in Figure 4.2 and code is found in Appendix 1.C. 
 
Figure 4.2 – Actin filament analysis was completed via the following steps: A) Acquiring a confocal image of the 
actin fibers in the cells under different exposure times B) Converting the image to grayscale C) Edge detection using 
sobel filters to find places of higher intensity gradients .  D) Using the horizontal and vertical components of the 
gradient calculations find the angles of the edges in the images. 
First the acquired single cross section confocal image was put into Matlab and converted to 
grayscale (Figure 4.2A and 4.2B).  Next a Sobel filter was used to process the image.  The Sobel 
filter uses matrix multiplication with the surrounding pixels to find vertical and horizontal 
components for all of the pixels in the image.  The horizontal filter was defined as follows  
 
  53   
   
  (4-1)  
and the vertical filter was  
 . (4-2) 
These filters were applied to the grayscale images.  The horizontal and vertical values from the 
filters were used to find an intensity gradient value and an angle.  Those values are displayed in 
Figure 4.2C and 4.2D.  The angles were plotted in pseudo color to indicate the different angles.  
Once the filter was applied to the image, it was still important to only use the angle values 
where the actin filaments were located because the filter finds an angle for each image pixel.  A 
threshold was applied to the gradient intensity image and only the positions above the 
threshold were used in the angle data. Finally the important angle data was plotted in pseudo 
color (Figure 4.3).  
Angle data was taken from the images and plotted as an angle distribution or in polar 
coordinates to signify alignment (Figure 4.4).  These angle distributions were used to compare 
all of the experimental results. 
Statistical analysis was performed on the angle distributions.  Matlab was used for the ANOVA 
analysis and multiple variable comparisons along with two sample t-tests.  The standard 
deviations, kurtosis, and average angles were compared. 
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4.3 Results 
4.3.1 Image processing 
The analyzed images were used to display the filament angle by assigning it a color.  The color 
helped visualize fiber angle and served as a proof of successful processing (Figure 4.3). 
 
Figure 4.3- Processed image with the color indicating the fiber angle. 
Along with the pseudo colored image of the actin filaments, the angle data was exported from 
the image for analysis.  The angle data was used to calculate the average angles, and plot angle 
distributions (Figure 4.4).  A polar coordinate representation was used to visualize the 
differences when comparing data. 
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Figure 4.4 - Angle distribution plot and polar coordinate representation of the angle distribution for cells that 
aligned to flow direction. 
4.3.2 Cell Elongation  
Endothelial cells grown on native type I collagen displayed greater shape change and elongation 
in the direction of the flow than cells grown on glycated collagen.  Glycated collagen prevented 
or delayed that shape change after 24 hours of 20 dynes/cm2.  The cells grown on the glycated 
collagen maintained their polygonal shape while the native collagen cells elongated (Figure 4.5). 
 
Figure 4.5 – Endothelial Cells on glycated collagen showed less elongation and alignment than cells on native 
collagen. (Scale bar - 50µm) 
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Cells seeded on native collagen in low and high glucose increased in elongation by 29% and 56%, 
respectively and the glycated collagen low and high glucose only increased by 8% and 30% 
respectively (Figure 4.6A).  The low glucose on glycated collagen was the only condition that did 
not have significant elongation from static cells (p = 0.2944) and was statistically different from 
the native collagen conditions after flow (p = 7.4036 x 10-4, one-way ANOVA). The percentage of 
cell alignment was defined by the cell’s long axis aligned within ±20° direction of flow, it was 
found that trend of percentage alignment was maintained with the adjustments in the 
alignment angle.   The percentage alignment increased in all of the conditions but alignment was 
highest in the native collagen with either low or high glucose medium with 45% and 60%, 
respectively (Figure 4.6B).  
 
Figure 4.6 - Phase contrast image quantification showed decreased alignment on glycated collagen substrates. A) 
cell elongation measured by the length to width ratio, B) percentage of cells aligned for static conditions and after 
24 hours of 20 dynes/cm
2
. (*p<0.05) LG – low glucose, HG – high glucose, RC – native collagen, GC – Glycated 
collagen 
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4.3.3 Actin Alignment 
The actin alignment showed similar results to the elongation from the phase contrast imaging.  
The actin and nuclear labeled cells showed fibers aligning the direction of the flow with the 
native collagen substrate and less or no alignment of the fibers on the glycated collagen (Figure 
4.7).  
 
Figure 4.7 – Visual inspection support the Matlab results. Images of Actin filaments (red) and nuclei (blue) in cells 
under flow a,b) static, c,d) 24 hours of flow at 20 dynes/cm2; a,c, native collagen, b,d) glycated collagen Scale bar - 
50µm 
The angle distribution plots show the differences between conditions.  Native collagen and 
glycated collagen showed the greatest different in alignment results.  The average of the  
absolute value of the fiber angles for static culture in low glucose were 46.7° ± 2.8° and 44.9° ± 
2.7° for the native and glycated collagen, respectively.  Then after 12 hours of shear stress 
exposure, the average angle for the glycated collagen was 43.1° ± 0.9° and the native collagen 
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dropped to 37.5° ± 2.54° (p = 4.18 x 10-5).  The alignment was further accentuated after 24 hours 
of shear stress exposure.  Actin angle for cells on native collagen reduced to 35.3° ± 2.6°, 
whereas the actin angle for cells on glycated collagen remained at 43.6 ° ± 2.5° (p = 1.54 x 10-5). 
Distribution plot and polar coordinate plots of the angles visually display the differences (Figure 
2.8). 
 
Figure 4.8 – Low glucose actin fiber alignment in native collagen and glycated as shown by angle distribution for 
fiber in A) static, B) 12 hours and C) 24 hours of shear stress 
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A smaller difference existed between the low and high glucose medium samples.  The high 
glucose started with a static average actin fiber angle of 41.8° ± 2.1° (p > 0.05).  After 12 hours of 
exposure the average fiber angle was 40.6° ± .9°, (p > 0.05).  However after 24 hours of shear 
stress the high glucose cells were significantly aligned with an average angle of 39.4° ± 1.5° (p = 
0.0019).  The angle distribution and polar coordinate representation show the increase in fiber 
angles near the zero degree condition (Figure 4.9).  The differences in the height at the center of 
plots are indicates the amount of alignment and differences in the experiments.  
 
Figure 4.9 – Low versus high glucose actin fiber alignment in native collagen as shown by angle distribution for fiber 
in A) static, B) 12 hours and C) 24 hours of shear stress. 
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Comparisons were also made between the high glucose native and glycated collagen, and 
results were similar to the low glucose comparison.  Low glucose and native collagen had the 
largest increase in cell alignment and both glycated conditions had minimal cell alignment over 
the 24 hours of shear stress exposure (Figure 4.10).  Two other statistical parameters were also 
used to analyze the angle distributions: standard deviation and kurtosis (Figure 4.11). They both 
showed the same trends as the average angle. 
  
Figure 4.10 – The average actin fiber angle was significantly decreased on native collagen and there was little 
change in the average angle in the glycated collagen. (*p<0.001 between the previous exposure time and the 
glycated collagen cells, †p<0.05 between the low glucose and high glucose on native collagen) LG – low glucose, HG 
– high glucose, RC – native collagen, GC – Glycated collagen 
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Figure 4.11 - The standard deviation and kurtosis values followed the same trend as the mean angle and showed 
the same significance. 
4.4 Discussion 
Endothelial cell elongation and alignment was confirmed after 12 hours of 20 dynes/cm2 shear 
stress, showing results consistent with the literature.  This is the first study to look at the 
combined effect of diabetic conditions on endothelial cells in a shear stress environment.  It was 
discovered that glycated collagen prevented cell elongation and there was a joint effect with 
both high glucose levels and substrate glycation reducing the alignment in the shear stress.  
Both the phase contrast and confocal images confirmed the results. 
Imaging processing was an effective way of quantifying the results, and Matlab was an 
important tool for both the phase contrast and the confocal images.  It was found that glycated 
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collagen significantly reduced the endothelial cell elongation to shear stress.  Also both high 
glucose and glycated collagen reduced the actin alignment to shear stress. 
Phase contrast image processing presented several challenges.  Programming a computer to 
outline individual cells in a confluent monolayer has not yet been successfully done.  The human 
eye is able to differentiate cells in phase contrast images because of way the human mind 
seeing and segments gradients in brightness. A computer, on the other hand, reads intensity 
values and has no initial interpretation of the image.  Therefore the phase contrast images 
required human measurement, which is a source of possible error.  The confocal actin filament 
images however were analyzed using Yoshigi et al’s algorithm effectively, avoiding human 
influence on the results.  Use of computer algorithms also has some inherent error because they 
are not able to adapt to variations in image quality.  Image variability has a much larger effect 
with computer algorithms, which can never be programmed to adapt to all of the imperfections 
that the human eye would be able to adapt to.  The use of both systems may be a way of 
mediating error in the results.  
Using Matlab to recreate Yoshigi et al’s algorithm was beneficial because it allowed for 
customization and control over all of the steps along the image processing pipeline.  The 
thresholding value was a controlled variable, and different values were used in confocal images 
and fluorescence images. Also the contrasting of the images beforehand could be carefully 
controlled using Matlab’s built in image processing toolbox.   However one downside to using 
Matlab was a suspected increase in processing time as Matlab is not optimized for image 
processing. Specialized software may improve processing time and visualization but can be very 
costly and is often without customization. 
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Sobel filters and edge detection methods are not the only methods of automating fiber 
alignment in endothelial cells.  Fourier transforms and texture processing methods have also 
been used successfully to quantify endothelial cells alignment to mechanical stimuli [36, 96, 97].  
All of these methods have their advantages and disadvantages.  Fast Fourier transforms (FFT) 
are often faster than Sobel filters and provide alignment results, but do not have the same 
coordinate systems as the original images and lose some positional data.  Sobel filters are often 
slower than FFTs but maintain positional data.   Another problem with the FFT method is that it 
requires some image segmentation.  Defining segmentation parameters that can be used for 
multiple images can be difficult and was one of the reasons why Sobel filters were used.    
The elongation of the endothelial cells on native collagen agreed with previously reported 
studies on the effects of shear stress on endothelial cells [22-24, 26, 27, 84, 98].  The glycated 
collagen significantly reduced cell elongation under shear stress.  There are several possible 
mechanisms.  The glycated substrate may be more rigid therefore could make cell shape 
adaptation more difficult.  The altered substrate may change the focal adhesions number or 
distribution, and therefore prevent the shape change. Or glycated collagen may internally 
change a biochemical signal and therefore change a signaling pathway that is critical to the cell’s 
adaption to the shear stress. The high glucose medium did not produce any significant changes 
in the elongation results.  This could have been related to the short exposure time to high 
glucose, therefore the full effects were not seen.  Longer exposure times may provide more 
changes in the elongation data. 
Focal adhesions play an important role in the shape change of endothelial cells.  As adherent 
cells, endothelial cells rely on focal adhesions to anchor themselves to the basement membrane.  
Redistribution and activation of focal adhesion kinase (FAK) under shear stress shear is a well 
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known [99, 100] indication an adaption to the mechanical stimuli.  Altering the cell substrate can 
have an effect on adhesion proteins, such as vinculin.  Differences have been observed between 
collagen and fibronectin as a substrate coating [69] and substrate roughness on the mobility of 
the focal adhesion proteins [101].  Glycated substrates could be holding the focal adhesions in 
place preventing remodeling, or a reduced number of binding sites on the glycated substrate 
could prevent alterations in the adhesion sites. Also increased stiffness in the glycated 
substrates could be preventing the integrins from sensing the effects of the shear stress. 
Biochemical signal alterations from glycated proteins have been shown in endothelial cells.  
Glycated albumin stimulates fibronectin and collagen IV production in endothelial cells in 
normal glucose conditions [102].  This mostly likely occurred though the activation of PKC [103].   
Both fibronectin and collagen IV are components of the basement membrane and increased 
production could increase the adhesive strength and prevent the shape changes.  The results in 
chapter 3 tend suggest that adhesion strength due to increased production of basement 
membrane and focal adhesion proteins an unlikely path since no difference in adhesion strength 
was found and the direct signaling from the glycated collagen a more likely cause. 
The alignment of the actin fibers also showed a significant difference between the glycated and 
native collagen coated substrate.  Since actin is one of the main structural fibers in endothelial 
cells, it is possible the glycated collagen directed affected the way cells change their actin 
structure.  The Rho family of GTPases is known control the actin remodeling pathway [34].  
Three main proteins are studied when looking into actin remodeling in the cell: RhoA, Rac1 and 
Cdc42.  Rac and RhoA activity have a time dependent response to fluid shear stress [35, 100].  
Rac activation was also found to be mainly located on the cell membrane [100] suggesting 
involvement in cell shape change.  Cdc42 and Rho proteins were also found to move from the 
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cytosol to plasma membrane during exposure to shear stress [104].  The substrate glycation 
could interfere with signaling of proteins on the membrane, which would prevent Cdc42 and 
Rho from remodeling actin and thereby alter the intracellular responses to shear stress.  Further 
studies should examine whether soluble glycated proteins will interfere with the cell alignment 
to determine if the effect is specific to substrate-bound glycated proteins.  
High glucose levels also reduced endothelial cell alignment to shear stress.  There was more 
alignment in the high glucose experiments compared to the glycated collagen but still reduced 
from low glucose conditions.  High glucose levels have been shown to alter endothelial cells 
physical properties as well as biochemical ones.  Changes have been found in the size of 
endothelial cells, ratios between the size of the nuclei area and the cytoplasmic area, and 
orientation of the actin fibers [55].  High glucose also alters adherens junctions and focal 
adhesion proteins in endothelial cells [56].  α- and - catenin were found to be reduced in cell 
treated with high glucose levels along with an increase of FAK and paxillin [56].  These changes 
in the physical properties of the cells may have been one of the reasons for the reduced 
adaption to the shear stress.   
Increased ROS is also known to be an effect of high glucose levels [47] and could have played a 
role in the altered response.  ROS made though the activation of NAD(P)H oxidase has been 
shown to increase PKC [49, 105] which is known to play an important role cell signaling.  ROS 
also induce the expression of some adhesion molecules including VCAM-1 and ICAM-1 [53].  
While low ROS is important to normal cell function, high glucose increases the level to have 
harmful side effects and could alter the alignment response of the cells.  
Elongation and alignment are important to endothelial cell function.  The endothelial cells are 
thought to reduce the forces applied on themselves with the shape change brought on by the 
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shear stress [26, 99]. This adaption to shear stress is important as locations of altered shear 
stresses in the vascular systems are known to be at increased risk for atherosclerosis [8].  Since 
people with diabetes are at a heightened risk for atherosclerosis [62] is it an important discovery 
to find that both glycated substrates and high glucose levels affect the shear stress response. 
This maladaptation to shear stress maybe linked to increased atherosclerosis. 
The statistical analysis calculates the average angle values for each of the experimental 
conditions.  However the average angle may not be the best way of representing the data.  As 
shown in the distribution plots, the angle data is not normal distributed.  Other statistical 
parameters were also compared.  The standard deviations, kurtosis, and skewness were 
calculated for each angle distribution.  The standard deviation was an interesting parameter 
because the more aligned distributions had lower standard deviations.  The curve became more 
bell-shaped or normally distributed compared to the flat distribution seen the unaligned 
conditions. The kurtosis is a measure of the sharpness of the peaks and was able to also help 
differentiate the shape of the distribution curves.  Higher kurtosis values were found where the 
fibers were more aligned.  The standard deviation and kurtosis followed the same patterns as 
the average angle and provided the same significance lending weight to the results.  The 
skewness determines whether or not there is an asymmetry in the angle distributions.  The 
skewness did not follow any pattern nor did it provide any significant insight to the results. 
However these data were analyzed from -90° to 90° and may have changed if the absolute 
values were used.   
These results show a significant difference when glycated collagen and high glucose levels are 
used in a shear stress environment, indicating that diabetic conditions affect endothelial cell 
mechanical response. There is clearly a link between biochemical and mechanical stimuli.  
 
  67   
   
However the mechanism is still unknown.  Further study needs to be done to narrow down 
mechanisms by possibly blocking ROS formation or examining the Rho GTPase pathway 
activations. This will give more insight into the consequences of hyperglycemia.  
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5 Conclusions and Future Work 
5.1 Conclusions 
As diabetes prevalence increases and vascular disease continues to be a leading cause of 
morbidity and mortality in the people with diabetes, it is important to understand the 
mechanisms of hyperglycemic endothelial cell dysfunction.  Clinical evidence suggests a link 
between biochemical changes in hyperglycemia and the mechanical environment of the vascular 
system.  This thesis examined the effects of shear stress on endothelial cells exposed to diabetic 
conditions. 
Two systems were developed to study endothelial cells under shear stress: microfluidic channels 
and a parallel plate system.  Microfabrication was used to create PDMS microchannels, and cell 
toxicity due to chemicals leaching from the tubing and high pH were solved.  Both systems were 
able to effectively apply laminar shear stress over the cells and output quantifiable endothelial 
cell elongation and alignment.  However, microchannel results were not consistency, which 
prevented their further use.  The parallel plate, however, provided consistent results and ease of 
use for immunofluorescence labeling and cell imaging.  Several image processing techniques 
were developed to quantify the results using both human measurement and Matlab.   
High glucose culture resulted in attachment time dependence on adhesion strength.  The 
adhesion strength of cells in high glucose was greater than the low glucose on uncoated 
substrates after 6 hours of attachment.  After 48 hours of attachment, the high glucose samples 
showed lower adhesion strength than the low glucose samples.  Also adhesion strength was 
confirmed to be attachment time dependent, with longer attachment times having increased 
adhesion strength in low glucose culture.   The substrate coatings of native collagen and 
glycated collagen were found to have no difference on adhesion strength.  
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Endothelial cell elongation and alignment were characterized for cells in low and high glucose 
culture and on native and glycated collagen.  Glycated collagen prevented significant elongation 
and alignment of the endothelial cells when exposed to 12 and 24 hours of 20 dynes/cm2 shear 
stress.  Low glucose and native collagen provided the greatest alignment of actin fibers within 
the cells.  High glucose diminished the alignment from low glucose, but the effect was not as 
severe as the glycated collagen substrate.    
This thesis research furthered our understanding of the combined effects of hyperglycemia and 
shear stress on endothelial cells.  The unaffected adhesion strength on glycated substrates is an 
important finding relating to the elongation and alignment results.  High glucose levels and 
glycation are known to increase production of focal adhesion proteins [66] and increase 
production of the basement membrane [61].  Since endothelial cell elongation and alignment in 
response to shear stress were prevented on glycated collagen substrates, it is unlikely that 
adhesion strength is a mechanism for this effect. This suggests that possible the changes are 
biochemical signaling from the glycation and not from the altered physical stiffness of the 
glycated collagen. 
The altered elongation and alignment in the glycated experiments suggest that the cells are not 
receiving signals from integrins and adhesions proteins about the shear stress.  This could have a 
number of troubling side effects as endothelial cells control much of the vasoregulation.  Also 
endothelial cells depend on cell to cell signaling for many cellular functions and it is as yet 
unknown if any other signaling is being blocked by the glycation during shear stress exposure. 
5.2 Future Work  
Future work will focus on elucidating the mechanisms of hyperglycemic effects on endothelial 
cell shear stress response.  It is important to determine how the endothelial cells are affected by 
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glycation and high glucose and what signaling pathways are altered.  Both Rho GTPase 
activations and Tyrosine kinase activation will be compared on the native and glycated collagen 
to determine if these play a role in alteration of actin alignment.  Adherens junction signaling 
will be examined through cadherin bonding to adjacent cells to see if cell to cell bonds are 
altered by a glycated substrate, as they are linked to the actin cytoskeleton.  Along with the 
substrate glycation, testing serum protein glycation will better our understanding of the altered 
shear stress response.  Using glycated proteins added into the cell culture medium in the shear 
stress environment will help shed light on receptors that affect the observed differences.  All of 
these mechanisms may play a small role in the changes or there may be one underlying pathway 
that is affected. 
Along with mechanisms, it is also important to know how cell function changes due to the 
inhibited response to shear stress on glycated collagen substrates.  While morphology changes 
can be problematic to cell function, exposing cells to higher than desired shear forces and 
increasing the chance of cell injury, other physiologic functions are most likely affected.  It is 
known that hyperglycemia increases endothelial  permeability [51, 57], apoptosis [58-60] and 
basement membrane protein production[61, 62].  Those changes are not directly related to 
shear stress, however nitric oxide production is shear stress related and is also affected by high 
glucose levels [43, 46].  Vasoregulation in response to shear stress is an important function of 
endothelial cells. If hyperglycemia affects cell response to mechanical stimuli, loss of nitric oxide 
production would be a major side effect.  Examining nitric oxide or nitric oxide synthase 
production is an important cell functional assay to further understand the complications of 
hyperglycemia on endothelial cells. 
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Along with studying mechanisms and functional changes in the endothelial cells, it will be 
important to continue improving image processing and the microfluidic system.  Integrating 
image processing techniques from materials science engineering and other sources could help 
speed up and improve the processing.  Also further experimentation with the microfluidic 
system could improve testing capabilities.  
With biological and disease related research; it is important to understand the motivations 
beyond the laboratory.  By understanding the affected pathways and functional changes 
treatments can be more directly tailored.  These new treatments could focus on the specific 
signaling problems effected by high glucose levels and directed at the specific receptors  and 
possibly reduce side effects and increase effectiveness.  Also earlier detection and preventative 
measures could be found with the better understanding of what is happening.  
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Appendix 1 – Matlab Scripts 
1.A Adhesion results image processing 
The grid making and contrast enhancement for the adhesion image processing. 
gridmakingoutput.m 
clc;close all;clear 
cd('Q:\Steve\2009-08-24 detachment 6hr LG\exp3') 
h = fspecial('unsharp', .6); 
  
image1 = imfilter(adapthisteq((imread('0minutes.tif'))),h); 
image2 = imfilter(adapthisteq((imread('10minutes.tif'))),h); 
image3 = imfilter(adapthisteq((imread('20minutes.tif'))),h); 
image4 = imfilter(adapthisteq((imread('30minutes.tif'))),h); 
image5 = imfilter(adapthisteq((imread('40minutes.tif'))),h); 
image6 = imfilter(adapthisteq((imread('50minutes.tif'))),h); 
image7 = imfilter(adapthisteq((imread('60minutes.tif'))),h); 
image8 = imfilter(adapthisteq((imread('70minutes.tif'))),h); 
  
% 
  
%image1 = rgb2gray(image1); 
ylength = length(image1(1,:)); 
xlength = length(image1(:,1)); 
  
image1((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image1((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image1(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image1(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image1) 
imwrite(image1,'0minutesgrid.jpg','jpg') 
  
  
ylength = length(image2(1,:)); 
xlength = length(image2(:,1)); 
  
image2((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image2((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image2(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image2(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image2) 
imwrite(image2,'10minutesgrid.jpg','jpg') 
  
ylength = length(image3(1,:)); 
xlength = length(image3(:,1)); 
  
image3((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
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image3((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image3(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image3(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image3) 
imwrite(image3,'20minutesgrid.jpg','jpg') 
  
ylength = length(image4(1,:)); 
xlength = length(image4(:,1)); 
  
image4((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image4((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image4(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image4(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image4) 
imwrite(image4,'30minutesgrid.jpg','jpg') 
  
  
ylength = length(image5(1,:)); 
xlength = length(image5(:,1)); 
  
image5((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image5((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image5(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image5(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image5) 
imwrite(image5,'40minutesgrid.jpg','jpg') 
  
  
ylength = length(image6(1,:)); 
xlength = length(image6(:,1)); 
  
image6((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image6((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image6(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image6(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image6) 
imwrite(image6,'50minutesgrid.jpg','jpg') 
  
ylength = length(image7(1,:)); 
xlength = length(image7(:,1)); 
  
image7((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image7((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image7(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
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image7(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image7) 
imwrite(image7,'60minutesgrid.jpg','jpg') 
  
ylength = length(image8(1,:)); 
xlength = length(image8(:,1)); 
  
image8((xlength/3)-1:(xlength/3)+1,:)=zeros(3,ylength); 
image8((2*xlength/3)-1:(2*xlength/3)+1,:)=zeros(3,ylength); 
  
image8(:,(ylength/3)-1:(ylength/3)+1)=zeros(xlength,3); 
image8(:,(2*ylength/3)-1:(2*ylength/3)+1)=zeros(xlength,3); 
  
figure;imshow(image8) 
imwrite(image8,'70minutesgrid.jpg','jpg') 
 
1.B Phase contrast image processing 
The phase contrast image processing data for elongation and alignment. 
manualelong_align.m 
function [Ratio ratiostd percentalign LWchange data] = 
manualelong_align(image,n) 
% Created by. S. Kemeny 
% 11/20/2007 
% 
% Inputs 
%    image - image of what the cells 
%    n -number of cells to examine 
% 
% Outputs 
%    Ratio - the length divided by the width of the cells (beginning) 
% 
if nargin <1 
    error('No image input - this function requires input image') 
end 
if nargin <2 
    fprintf('\nNo cell number chosen automatically set to 2 cells\n') 
    n=2; 
end 
 
 
% showing the first image 
figure  
  
imshow(image);hold on 
fprintf('\nChoose two points that signify the width, then two that\n') 
fprintf('signify the length of the cell, repeat for %1.0f cells.\n',n) 
LWchange=0; 
% finding the ratio of length/ width of the starting cells 
for i = 1:n 
 
  85   
   
     
    A = ginput(2);% pick the width of a cell 
    plot(A(:,1),A(:,2),'r') 
    B = ginput(2);% pick the length of a cell 
    plot(B(:,1),B(:,2),'g') 
    D_A(i) = distance2d(A(1,:),A(2,:));% width of the cell 
    D_B(i) = distance2d(B(1,:),B(2,:));% length of the cell 
     
     
    % checking to see make sure the length is the length and the width 
is 
    % the width 
    if D_B(i)>D_A(i) 
         
    elseif D_A(i)>D_B(i) 
        A1 = B; 
        D_A1=D_B(i); 
        B = A; 
        D_B(i)=D_A(i); 
        A = A1; 
        D_A(i)=D_A1; 
        LWchange = LWchange+1; 
    end 
         
     
    % alignment of the cells 
    angle(i) = atan((B(1,2)-B(2,2))/(B(2,1)-B(1,1))).*(180/pi); 
     
end 
  
% finding the ratios 
  
ratio= D_B./D_A; 
  
% averaging the ratios 
data = [ratio' angle']; 
Ratio = mean(ratio); 
ratiostd = std(ratio); 
  
     
numalign = length(find(abs(angle)<=20)); 
percentalign = numalign/n; 
  
%----------------------------------------------------------------------
function D = distance2d(A,B) 
% Created by S. Kemeny 11/20/2007 
% Finding the distance between to points, D 
% Input A and B are two points on a two dimensional coordinate plane 
% 
  
x = abs(A(1)-B(1)); % length in the x coordinates 
y = abs(A(2)-B(2)); % length in the y coordinates 
  
D = sqrt(x^2+y^2); 
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Running the elongation and alignment function. 
Runcellelong_align.m 
% script for running manualelong_align 
% Created by S. Kemeny 11/20/2007 
close all;clear all;clc 
[image[67, 85]]={adapthisteq(rgb2gray(imread('C:\Documents and 
Settings\Morssgroup\Desktop\Steve\Pictures\Short Term 
Experiments\PhC_Elongation\HGGC\0hours.jpg')))}; 
[image[20]]={adapthisteq(rgb2gray(imread('C:\Documents and 
Settings\Morssgroup\Desktop\Steve\Pictures\Short Term 
Experiments\PhC_Elongation\HGGC\1hour.jpg')))}; 
[image{3}]={adapthisteq(rgb2gray(imread('C:\Documents and 
Settings\Morssgroup\Desktop\Steve\Pictures\Short Term 
Experiments\PhC_Elongation\HGGC\3hours.jpg')))}; 
[image{4}]={adapthisteq(rgb2gray(imread('C:\Documents and 
Settings\Morssgroup\Desktop\Steve\Pictures\Short Term 
Experiments\PhC_Elongation\HGGC\6hours.jpg')))}; 
[image{5}]={adapthisteq(rgb2gray(imread('C:\Documents and 
Settings\Morssgroup\Desktop\Steve\Pictures\Short Term 
Experiments\PhC_Elongation\LGRC\24hours020.jpg')))}; 
  
  
Time = [0 1 3 6]'; 
  
for i = 1:length(Time) 
    image{i} = imresize(image{i}{1},.5); 
end 
  
  
n = 20; 
for i = 1:length(Time) 
    [Ratio(i) ratiostd(i) alignment(i) LWchange(i) data{i}] = 
manualelong_align(image{i},n); 
end 
save(['elongdata' num2str(n) 'HGGC' 
'.mat'],'Ratio','ratiostd','alignment','Time','LWchange','data'); 
uisave({'Ratio','ratiostd','alignment','Time','LWchange','data'},['elon
gdata' num2str(n) 'HGGC' '.mat']); 
fprintf('\n\nTotal number of time the Length-width selections were 
changes %f.\n',sum(LWchange)); 
figure (2) 
errorbar(Time,Ratio,ratiostd,'ok','linewidth',1) 
xlabel('Time, hours') 
ylabel('L/w ratio') 
hold on 
grid on 
  
figure (3) 
plot(Time,alignment,'ok','linewidth',1) 
xlabel('Time, hours') 
ylabel('Percent aligned,%') 
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grid on 
hold on 
 
1.C Actin Fiber image processing 
The Matlab function was used to quantify actin alignment from the fluorescent and confocal 
images. 
Quanfityactin.m 
function [angles,stat,angleimage] = quantifyactin(image,thres,display) 
% Coded by S. Kemeny 3/20-3/26/2009 
% 
% Based on Yoskigi et al. "Quantification of Stretch-Induced 
Cytoskeletal 
% Remodeling in Vascular Endothelial Cells by Image Processing" 
Cytometry 
% Part A, 55A:109-118 (2003) 
% 
% 
% This function will used edge detection techniques to find the angles 
of 
% the actin filaments in fluorescently labeled images 
% 
% Inputs: 
%   image - this is the fluorescent image 
%   thres - is the intensity threshold on the magnitude data (default 
=0.10) 
%                   may need to be changed for confocal images (0?) 
%   display - this will let you display the images along the process 
(default ='n') 
% 
% Outputs: 
%   angles - this is the final angle data after the processing 
%   stat - this is some statistical analysis on the angle data 
(mean,std,skew,kurt) 
%   thetaimage - this is the output image with the final data 
% 
  
% Input checking and setting defaults 
if nargin ==0 
    error('No input image') 
elseif nargin ==1 
    thres = 0.1; 
    display = 'n'; 
elseif nargin ==2 
    display ='n'; 
elseif nargin>3  
    fprintf('Too Many inputs ...  extras ignored and ctrl-C to stop') 
end 
  
  
% 1st Step-Edge detection and determining the angle and magnitude 
values for the 
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%       image  (basicially like finding the polar cooridinates of the 
image) 
  
% making the image data contains double values instead of 8-bit values 
%       (required for analysis) 
  
P = double(image); 
  
%finding the magnitude and angle of the image 
[r,theta] = edgedetect(P); 
  
% normalizing the magnitude and setting it as the matrix "B' 
  
% for 8-bit values and normalizeing data for images (255-0) 
B = (255/(max(max(r(2:end,2:end)))-min(min(r(2:end,2:end)))))*r; 
  
% for intensity values between 1 and 0. 
Bscale = B./255; 
  
  
if display=='y' 
    reduce = input('Reduce image size?:'); 
    angleimage = dispthetaimages(image,r,B,theta,reduce); 
else  
    angleimage.B = B; 
    angleimage.theta = theta; 
end 
  
  
% 2nd Step - Data analysis and quantifying angle data 
  
  
% Removing angle data from low intensity places on the image 
  
pos = find(Bscale<thres); 
  
% naming a new variable for the angle 
thetathres=theta; 
  
% removing data where the intensity is too low 
thetathres(pos)=[]; 
  
  
% setting the angles into degrees 
angles=(180/pi).*thetathres; 
  
  
% data analysis values, mean,std,kurt,skew 
  
stat.mean   = mean(abs(angles));  % from 0 to -+90 
stat.std    = std(abs(angles));   % from 0 to -+90 
stat.median = median(angles);     % from -90 to 90 
stat.mode   = mode(angles);       % from -90 to 90 
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stat.kurt   = kurtosis(angles);   % from -90 to 90 
stat.skew   = skewness(angles);   % from -90 to 90 
stat.SES    = sqrt(6/length(angles)); 
stat.SEK    = sqrt(24/length(angles)); 
  
% Normal distribution assumption testing 
if stat.SES*2 < abs(stat.skew) 
    stat.pSES = 'n'; 
else  
    stat.pSES = 'y'; 
end 
  
if stat.SEK*2 < abs(stat.kurt) 
    stat.pSEK = 'n'; 
else  
    stat.pSEK = 'y'; 
end 
  
  
% No plotting in the analysis 
  
%---------------------------------------------------------------------- 
function [r,theta] = edgedetect(P) 
% This is the main process that was used on the image, it finds the 
% vertical and horizontal gradients of a pixel from it's surrounding 
values 
% and then determines the angle and magitude of this  
  
  
% Setting the sobel filters for the vertical and horizontal values. 
  
K_v = [-1 0 1;-2 0 2;-1 0 1]; 
  
K_h = [-1 -2 -1;0 0 0;1 2 1]; 
  
for i = 2:length(P(1,:))-1 
    for j = 2:length(P(1,:))-1 
  
        % making a 3x3 area in which to apply the filters too 
  
        S = [P(i-1,j-1) P(i-1,j) P(i-1,j+1); 
            P(i,j-1) P(i,j) P(i,j+1); 
            P(i+1,j-1) P(i+1,j) P(i+1,j+1)]; 
  
  
        % summing the dot products of the area times the sobel filters 
        % the gradients in the vertical and horizontal directions 
        G_h = sum(dot(K_h,S)); 
        G_v = sum(dot(K_v,S)); 
  
        % getting the angle values out of the vertical and horizontal 
        % gradients 
        if G_h ~= 0 % to avoid asymptotes 
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            % using atan2 to find the values of the angle 
            theta(i,j)=atan2(G_v,G_h); 
  
            % making sure the angle is between -90 and 90 
            if theta(i,j)<-pi/2 
                theta(i,j)=theta(i,j)+pi; 
            elseif theta(i,j)>pi/2 
                theta(i,j)=theta(i,j)-pi; 
            end 
  
          % Setting the angle when the gradient of the horizontal was 0 
        elseif G_v > 0 && G_h == 0 
            theta(i,j)=pi/2; 
        elseif G_v < 0 && G_h == 0 
            theta(i,j)=-pi/2; 
        end 
  
        % finding the magitude values that go along with the angles 
        r(i,j) = sqrt(G_h^2+G_v^2); 
         
    end 
end 
  
%----------------------------------------------------------------------
function finalimage = dispthetaimages(image,r,B,theta,reduce) 
% This will display images displaying the results 
% 
% 
  
% setting factor for reducing image size 
if reduce=='y' 
    l = length(image(:,1)); 
    if l>512 && l<1664 
        a = (-.4/512).*l+1.4; 
    elseif l>1664 
        a = 0.1; 
    else 
        a = 1; 
    end 
else 
    a=1; 
end 
  
% displaying starting image 
figure  
  
imshow(imresize(image,a)); 
  
  
% displaying the magnitude values for the image data 
  
figure  
  
imshow(imresize(uint8(B),a)) 
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% displaying image edge detection intensity and colorized angles   
  
% converting the theta image result for colorization and making the 
results 
thetaabs = abs(theta); %angles from 0 to -+90 
  
% converting to values between 1 and 256 
theta1 = (256/(pi/2)).*thetaabs; 
theta2 = uint8(theta1); 
  
  
% making the red to blue color gradient for the angle data image 
thetacolor = zeros(length(theta1(:,1)),length(theta1(1,:)),3); % 
preallocating data 
  
dispcolor = jet(256); 
  
for i=1:length(theta2(:,1)) 
    for j = 1:length(theta2(1,:)) 
        thetacolor(i,j,:) = dispcolor(double(255-theta2(i,j))+1,:); 
    end 
end 
  
% again converting back to 8 bit images after the  
thetacolor1 = (255/1).*thetacolor; 
thetacolor2=uint8(thetacolor1); 
  
% subtracting the inverse intensity values from the color angle data 
image 
invertB=(uint8(255)-uint8(B)); 
colorized(:,:,1) = invertB; 
colorized(:,:,2) = invertB; 
colorized(:,:,3) = invertB; 
finalimage = thetacolor2-colorized; 
  
figure  
imshow(imresize(finalimage,a)); 
%---------------------------------------------------------------------- 
  
